Abstract Anesthetics such as propofol can provide neuroprotective effects against cerebral ischemia. However, the underlying mechanism of this beneficial effect is not clear. Therefore, we subjected male Sprague-Dawley rats to 2 h of middle cerebral artery occlusion and investigated how postischemic administration of propofol affected neurologic outcome and the expression of basic fibroblast growth factor (bFGF). After 2 h of ischemia, just before reperfusion, the animals were randomly assigned to receive either propofol (20 mg kg
Introduction
As the population ages, patients with a history of stroke will increasingly require surgery or sedation. It is important to be able to provide safe anesthesia with neuroprotective potential in such cases. Many intravenous anesthetics and sedatives, including propofol, benzodiapepines and barbiturates, have shown to provide neuroprotective effects in animal models of cerebral ischemia [1] [2] [3] [4] . In particular, propofol post-conditioning has been reported to provide protection against hypoxic injury and paraquat toxicity under in vitro and in vivo conditions [5, 6] . Studies have indicated that neuroprotective effects of such anesthetics may stem from their ability to suppress cerebral metabolic rate, antagonize glutamate-mediated excitotoxicity, and enhance inhibitory synaptic transmission [7] [8] [9] [10] . However, the mechanism(s) by which intravenous anesthetics such as propofol provide neuroprotection is unclear.
Neurotrophic factors are known to have neuroprotective effects in cerebral ischemia. For example, basic fibroblast growth factor (bFGF) has been shown to promote survival and proliferation of neurons, suppress apoptosis, and ameliorate ischemic injury [11] [12] [13] . Propofol has been shown to enhance neurogenesis in a bilateral carotid artery occlusion model in rats [14] ; however, its effect on growth factors is unknown. In the current study, we investigated whether administration of propofol to rats after transient focal cerebral ischemia provides neuroprotection and whether this protection is related to expression of bFGF.
Materials and Methods

Animal Preparation and Experimental Groups
The study was approved by the Animal Research Committee of China Medical University. Male Sprague-Dawley rats (Center for Experimental Animals, China Medical University; 270-300 g) were anesthetized with chloral hydrate (i.p., 350 mg kg -1 ). Chloral hydrate was chosen to be the anesthetic for the surgical procedure in this study because it provides prompt induction of anesthesia and its less effect on the cardiovascular and central nervous system than does isoflurane and other anesthetics [15, 16] . The animals were surgically prepared for middle cerebral artery occlusion (MCAO) according to the technique by Longa and colleagues [17] . Ropivacaine (Naropin, AstraZeneca) was infiltrated at the surgical site 10 min before the operation. The left common carotid artery was exposed via a midline pretracheal incision. The external carotid artery and the common carotid artery were ligated. Through a small arteriotomy, a 4-0 surgical nylon monofilament with a silicone-coated tip was inserted into the common carotid artery just below the carotid bifurcation and was advanced into the internal carotid artery to a distance of 18-20 mm from the carotid artery bifurcation until slight resistance was felt. The monofilament was removed from the common carotid artery at the end of the 2-h ischemic interval. Cerebral blood flow was monitored by laser-Doppler flow (LDF) on the ischemic side of the skull. Successful MCAO was defined as C80 % decrease in cerebral blood flow and was confirmed by laser-Doppler flowmetry. Rats in which the cerebral blood flow did not decrease by more than 80 % were excluded from the study. Sham-operated rats were subjected to the same surgical procedure except that the nylon monofilament was not inserted. Rectal temperature was maintained at 37 ± 0.5°C with a heating lamp. Catheters were inserted into the right femoral artery and vein for blood pressure monitoring, analysis of blood gases including pH, hematocrit, PaO 2 , and PaCO 2 and for intravenous infusion.
The rats (n = 311) were allocated into three groups: sham group (n = 8), 2 h MCAO without reperfusion group (n = 8), and 2 h MCAO with reperfusion group (n = 295). Rats subjected to 2 h MCAO and reperfusion were randomly assigned to receive propofol (Diprivan, AstraZeneca) (n = 147) or vehicle (n = 148), and these rats were then divided into four subgroups per group: 6-h reperfusion, 24-h reperfusion, 72-h reperfusion, and 7-day reperfusion (n = 56, 109, 74 and 56 respectively). Propofol (20 mg kg
) or the same volume of vehicle (10 % intralipid) was administered intravenously for 4 h beginning at 2 h of ischemia, just before reperfusion. The dosing regimen was based on a previous study that used a rat focal ischemia model [18] . At intervals of 6 h, 24 h, 72 h, and 7 days after reperfusion, the rats underwent the following assessments.
Neurologic Function Assessment
Neurologic deficit scores were assessed by an investigator blinded to the animal grouping on days 1, 3, and 7 after ischemia. All rats were evaluated by the modified neurological severity score (mNSS) [19, 20] . Briefly, the mNSS is a composite of sensory, motor, reflex, and balance tests. Neurologic function was graded on a scale of 0-18. For the injury scores, 1 point was awarded for the inability to perform a test or for the lack of a tested reflex. Thus, higher scores indicate more severe injuries.
Infarct Volume Measurement
At 6 h, 24 h, 72 h, or 7 days after reperfusion, the rats were reanesthetized (chloral hydrate i.p., 350 mg kg -1 ) and decapitated. Their brains were removed, frozen at -20°C and sectioned into six coronal slices (2-mm thick) that were immediately immersed in 2 % 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma, St. Louis, MO)saline solution at 37°C for 30 min before being transferred to 4 % paraformaldehyde for fixation. The fixed brain slices were photographed and quantified for ischemic damage with an image analysis system (Motic Images Advanced 3.2) by an investigator blinded to treatment group. The degree of brain damage was corrected for the contribution made by brain edema/swelling as described by Shimakura and colleagues [21] . The total infarct area was determined by summing the damaged area from six slices; it is presented as a percentage of the contralateral hemisphere.
Brain Water Content
Eight rats each from the propofol-and vehicle-treated groups were euthanized after the neurologic examination on days 1 and 3 post-ischemia. The brain water content in the ipsilateral and contralateral hemispheres was determined by the wet/dry weight ratio method as described previously [22, 23] and expressed as follows: (wet weightdry weight)/wet weight of brain tissue 9 100 %.
Real-Time PCR Assessment of bFGF mRNA Expression
Sham-operated rats and rats that underwent MCAO with or without reperfusion were euthanized for the measurement of bFGF mRNA expression. We extracted total RNA from fresh brain tissue collected from the peri-infarct area using RNeasy columns (Qiagen, Valencia, CA). RNA concentrations were measured spectrophotometrically in a Gen-Quant RNA/DNA calculator (Pharmacia Biotech, UK). One microgram of total RNA from the sample preparation was reverse transcribed with an Omniscriptase Reverse Transcriptase kit (Qiagen) and 5 lM random primers (Sigma, St. Louis, MO) according to the manufacturer's instructions. The rat-specific primers for the genes of bFGF and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were designed by using Primer Premier 5 (Premier Biosoft, Palo Alto, CA, USA). The primer sequences for bFGF were (forward) 5
0 -TGGCTATGAAG-GAAGATGG-3 0 and (reverse) 3 0 -CGTTTCAGTGCCACA-TACC-5 0 . Real-time PCR was carried out on a 7500 Fast RealTime PCR System (Applied Biosystems, Irvine, CA) with Power SYBR Green (Applied Biosystems). GAPDH was used as an endogenous control to normalize gene expression. In brief, the PCR mixtures were preheated at 50°C for 2 min and then at 95°C for 10 min to activate the AmpliTaq Gold DNA polymerase; then samples underwent 40 cycles of amplification (95°C for 15 s; 60°C for 30 s; 68°C for 40 s). A final extension step was performed at 60°C for 10 min. Each reaction was carried out in triplicate. Graphs were plotted, and analysis was performed with the DDC t method.
Immunohistochemical Assessment of bFGF
The rats were killed by transcardiac perfusion with 200 ml of saline followed by 200 ml of phosphate-buffered paraformaldehyde. The brains were removed carefully, immersed in fixative, and refrigerated at 4°C for 24-48 h. The brains were immersed in 30 % sucrose solution in phosphate buffered saline (PBS) for 24 h, then immediately frozen in liquid nitrogen and stored at -80°C until use. Coronal sections were cut at -20°C to a thickness of 15 lm. The sections were mounted onto slides and processed for histology and immunohistochemistry. Staining with hematoxylin and eosin was used to confirm neuronal damage after ischemic insults. For immunohistochemical analysis, endogenous peroxidase activity was quenched with 2 % hydrogen peroxide for 5 min at room temperature. Bovine serum albumin (5 %) was used to block nonspecific protein binding. Sections were incubated with rabbit polyclonal antibFGF antibody (diluted 1:200, Abcam, Cambridge, MA, USA). Negative control sections were incubated without the primary antibody. Sections were rinsed with PBS and incubated with biotinylated goat anti-rabbit secondary antibody. The sections were then incubated with streptavidin horseradish peroxidase, and diaminobenzidine (DAB) substrate was used for visualization of the catalyzed peroxidase reaction product. For semiquantitative measurements of bFGF density, stained sections were examined under a microscope (Leica Germany). For each rat, we selected three sections (Bregma -0.8 mm, -1.2 mm, -2.8 mm) and photographed immunoreactive cells from 12 locations in the peri-infarct area in a microscopic field at 409 magnification (4 fields per section 9 3 sections per rat). Sections (n = 6 rats per group) were analyzed by an investigator blinded to the experimental cohort using Image J software (version 1.42q; NIH, Bethesda, MD).
Western Blot Assessment of bFGF
The rats were decapitated, and the brain tissues surrounding the infarct area were sampled and normalized for protein. Briefly, protein was separated on 12 % polyacrylamide gels with a 4 % stacking gel (SDS-PAGE), transferred to nitrocellulose membrane, and stained with rabbit polyclonal anti-bFGF antibody (diluted 1:300, Abcam). The secondary antibody was a goat anti-rabbit antibody conjugated with horseradish peroxidase (diluted 1:5,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Proteins were detected by chemiluminescence with the ECL kit (Invitrogen, Carlsbad, CA, USA). The grayscales are directly proportional to the concentration of the conjugated peroxidase and, therefore, to the protein concentration in the Western blot membrane of each band. A polyclonal antibody to b-actin (diluted 1:300, Sigma) was applied as an internal control. The bFGF protein bands were scanned, and the relative densities were analyzed with Image J software and normalized to that of b-actin.
Statistical Analysis
Data are presented as mean ± standard deviation (SD). Oneway analysis of variance (ANOVA) was used to compare group differences, and Student-Newman-Kuels post hoc test was applied to compare groups of the same duration of reperfusion if ANOVA revealed a significant difference. Differences between two groups were analyzed with Student's t test. P \ 0.05 was considered to be statistically significant.
Results
During the surgical procedure, physiological variables such as mean arterial blood pressure, pH, hematocrit, PaO 2 , and PaCO 2 were within the normal range and did not differ significantly between the propofol-treated (20 mg kg -1 h -1 ) and vehicle-treated rats (data not shown, all P [ 0.05). Mortality usually occurs within 24 h after transient cerebral ischemia. Propofol post-treatment did not affect the overall mortality rate, which was 13.5 % (20 of 148) in vehicletreated rats and 12.9 % (19 of 147) in propofol-treated rats (P [ 0.05) within 7 days after reperfusion.
TTC staining revealed that MCAO caused infarct damage to the frontoparietal cortex, temporal cortex, and lateral portion of the neostriatum in the left hemisphere (Fig. 1A) . Infarct volume (as a percent of the contralateral hemisphere) was greater at 24 h, 72 h, and 7 days of reperfusion than at 6 h of reperfusion in both treatment groups (n = 6/group, P \ 0.05). Infarct volume reached a peak at 24 h of perfusion with no obvious changes observed during the remainder of the study time course. However, at 24 h, 72 h, and 7 days, the infarct volume in the striatum, cortex, and entire hemisphere was smaller in the propofol-treated rats than in the vehicle-treated rats ( Fig. 1B-D ; n = 6/group, P \ 0.05).
Brain water content in the ipsilateral hemisphere was significantly lower in the propofol-treated group than in the vehicle-treated group at 24 h and 72 h of reperfusion (24 h: propofol, 81.2 ± 0.56 % vs. vehicle, 82.5 ± 0.61 %; P \ 0.05; 72 h: propofol, 80.4 ± 0.52 % vs. vehicle, 81.9 ± 0.58 %, P \ 0.01; n = 8/group, Fig. 2 ). Brain water content in the contralateral hemisphere was not significantly affected by MCAO and did not differ between propofol-and vehicle-treated groups (n = 8/group, P [ 0.05).
MCAO produced substantial neurologic deficit by 24 h post-infarct in vehicle-and propofol-treated rats (Fig. 3) . With increased duration of reperfusion, the neurologic deficit scores in both groups decreased. However at 72 h and 7 days of reperfusion, deficit scores were significantly lower in the propofol-treated rats than in the vehicle-treated rats (72 h: propofol, 6.2 ± 1.5 vs. vehicle, 8.5 ± 1.8, P \ 0.05; 7 days: propofol, 3.8 ± 1.5 vs. vehicle, 7.2 ± 1.8, P \ 0.01; n = 12/group, Fig. 3) .
Real-time PCR showed that, compared with baseline in the sham group, bFGF mRNA expression levels were unchanged in rats subjected to 2 h MCAO without reperfusion (data not shown) and in vehicle-treated rats at 6 h of reperfusion ( Fig. 4; both P [ 0.05) ; however, at 6 h of reperfusion, bFGF mRNA in the propofol-treated group was significantly greater than the baseline level. At 24 h of reperfusion, bFGF mRNA expression peaked in both the vehicle-and propofol-treated groups (Fig. 4) . Levels were significantly greater in the propofol-treated rats than in the vehicle-treated rats at 6, 24, and 72 h of reperfusion (n = 8/group; Fig. 4 ). Expression in both groups returned to baseline by 7 days and was no longer significantly different (P [ 0.05).
Immunohistochemistry revealed bFGF-positive cells in the ipsilateral peri-infarct areas. Most bFGF immunoreactivity appeared in plasma and nuclei of neuron-like and glia-like cells. The expression of bFGF was slight in the vehicle-treated group [mean optical density (OD) = 0.116 ± 0.008] at 6 h of reperfusion but strong in the propofol-treated group (OD = 0.145 ± 0.011, n = 6/group, P \ 0.01). After 24 and 72 h reperfusion, the expression of bFGF increased significantly in both vehicle-and propofoltreated groups compared to that at 6 h. At those time points, mean OD was significantly greater in the propofol group (24 h: 0.208 ± 0.013; 72 h: 0.198 ± 0.013) than in the vehicle group (24 h: 0.165 ± 0.09; 72 h: 0.162 ± 0.011; n = 6/group, both P \ 0.05). At 7 days of reperfusion, bFGF expression in neither group was significantly different from that at 6 h (both P [ 0.05) (Fig. 5) .
Results from Western blot analysis were similar to those from immunohistochemistry. After 6, 24, and 72 h of reperfusion, the integrated density value ratio of bFGF to b-actin was significantly greater in the propofol-treated group than in the vehicle-treated group (n = 8/group, P \ 0.05; Fig. 6 ) for the same period of reperfusion.
Discussion
In this study we showed that propofol administered after transient cerebral ischemia reduced infarction volume and brain edema and improved neurologic function. These effects were shown for the first time to be associated with early expression of bFGF in the peri-infarct regions. Our findings may be applicable in the immediate aftermath of stroke as well as to patients with a stroke history undergoing surgery, patients in the intensive care unit under sedation, and patients undergoing neurosurgery, who may benefit from the neuroprotective effects of intravenous anesthetics. Our results provide additional understanding of the protective mechanism of anesthetics.
Researchers have proposed that propofol might provide neuroprotection to the ischemic brain by reducing cerebral blood flow [8, 24] , intracranial pressure [25] , and cerebral metabolic rate [8, 26] . Others have attributed its protection to antioxidant properties [27] , potentiation of GABA A receptor-mediated inhibition of synaptic transmission [28] , or inhibition of glutamate release [29] . Additionally, propofol was shown to favorably modulate apoptosis-regulating proteins, suppress apoptosis, and promote the survival of neurons in the areas that surround infarction [30] . Studies by Harman et al. [2] indicated that propofol can protect fetal brain against ischemia-reperfusion injury. Additionally, they reported that propofol provided a strong neuroprotective effect at the ultrastructural and mitochondrial levels [2] . Propofol post-conditioning induces longterm neuroprotection and can reduce internalization of AMPAR GluR2 subunit in the long term [18] . In this study, we confirmed that protection afforded by post-ischemic administration of propofol is still present at 7 days of reperfusion. , intravenous administration) reduces brain water content after transient cerebral ischemia. Data are presented as mean ± SD. n = 8 rats/group; *P \ 0.05 versus the vehicle-treated group at the same time point (Student's t test) , intravenous administration) ameliorates neurologic deficits in rats after transient cerebral ischemia at 72 h and 7 days of reperfusion. Data are presented as mean ± SD. n = 12 rats/group; *P \ 0.05, **P \ 0.01 versus vehicle-treated group. mNSS, modified neurological severity score (Student's t test) bFGF is an 18-kDa polypeptide shown to downregulate expression of NMDA receptors, antagonize excitotoxicity and excess intracellular calcium and free radicals, improve regional cerebral blood flow, enhance the survival of neurons, and increase axonal sprouting during neuronal injury [13, [31] [32] [33] . Consistent with our current findings, it has been reported that in normal brain tissue, bFGF is expressed at low levels, but that several hours after focal cerebral ischemia, bFGF protein levels increase in the peri-infarct brain regions. These levels increase even further by 24 h and return to normal after 7-14 days [34] [35] [36] . In mice with a null mutation of bFGF gene, both infarct volume and mortality rates were markedly increased after cerebral ischemia, indicating that endogenous bFGF contributes to protection against ischemic brain damage [12] . Exogenous bFGF administered before cerebral ischemia or several hours after ischemia was shown to reduce the infarction size and improve neurologic function [11, 37] . However, little research has been carried out to determine the effect of anesthetics on neurotrophic factor expression. In a bilateral carotid artery occlusion model in rats, propofol was shown to enhance neurogenesis after 28 days [14] . In our study, we found that propofol posttreatment was associated with an early increase in bFGF mRNA and protein expression, which likely contributed to the observed functional recovery.
In conclusion, we have shown that administration of propofol before reperfusion reduces cerebral infarct volume and brain edema and attenuates neurologic deficits associated with transient focal cerebral ischemia. These protective effects were associated with an increase in the expression of bFGF mRNA and protein in the regions surrounding the brain infarction. Our results suggest propofol as an anesthetic choice for neurosurgery and sedation in the ICU and indicate that it has potential for use in the treatment of cerebral ischemia. , intravenous administration) increases bFGF protein expression after transient cerebral ischemia. A Representative Western blot of bFGF in the peri-infarct area of the ipsilateral hemisphere of rats at 6 h, 24 h, 72 h, and 7 days after reperfusion from 2-h middle cerebral artery occlusion. B Optical density (OD) value of bFGF evaluated by Western blot analysis. Data are presented as mean ± SD. n = 8 rats/group; * P \ 0.05 versus the vehicle-treated group at 6 h of reperfusion (ANOVA with post hoc Student-Newman-Kuels test, F = 15.1,P \ 0.01); # P \ 0.05 versus the vehicle-treated group at the same time point (Student's t test)
